Objective To examine the risk of new onset diabetes among patients treated with different HMG-CoA reductase inhibitors (statins).
Introduction
Hydroxymethyl glutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) are among the most widely prescribed drugs, with established benefits in patients at risk of cardiovascular events.
1 Although statins are tolerated well by most patients, an association with new onset diabetes has recently been suggested. 2 In the JUPITER (justification for the use of statins in prevention: an intervention trial evaluating rosuvastatin) trial, rosuvastatin was associated with a 27% increased risk of new onset diabetes compared with placebo. 3 An increased risk compared with placebo was also observed with atorvastatin and simvastatin. [4] [5] [6] [7] In contrast, the West of Scotland coronary prevention study (WOSCOPS) suggested that patients taking pravastatin faced a 30% lower risk of diabetes compared with placebo (relative risk 0.7, 95% confidence interval 0.5 to 0.99). 8 In light of these discordant results, several meta-analyses have attempted to characterize the risk of new onset diabetes during treatment with statins. [9] [10] [11] [12] [13] Limited data, however, exist for direct comparisons of individual statins. 11 12 14 Despite these conflicting findings, some evidence supports the notion that different statins might impart differential risks of diabetes. 2 7 15 In animal models, pravastatin has been shown to increase adiponectin, improving insulin sensitivity and inhibiting gluconeogenesis, while simvastatin reduces insulin secretion, and atorvastatin and lovastatin impair glucose tolerance. 2 7 15 16 For these reasons, in February 2012 the United States Food and Drug Administration mandated labeling changes for all statins except pravastatin.
We examined the healthcare records of more than 1.5 million older people from Ontario, Canada, to examine the association between individual statin use and new onset diabetes.
Methods

Study design
We conducted a population based retrospective cohort study in patients aged 66 and older in Ontario, Canada, who started treatment with a statin from 1 August 1997 to 31 March 2010.
Data sources
We used linked administrative healthcare databases for identification of cohorts, assessment of comorbidity, and ascertainment of outcome. We used the Ontario Drug Benefit (ODB) database, a computerized pharmacy records system that records prescription drugs dispensed to Ontario residents aged over 65. Fluvastatin, lovastatin, pravastatin, and simvastatin were available from the provincial formulary before the start of our study period, while atorvastatin was added in 1997 and rosuvastatin in 2003. We used the Canadian Institute for Health Information discharge abstract database (CIHI-DAD) to identify inpatient admissions to hospital, including diagnostic and procedural information. Physician billing information was identified with the Ontario Health Insurance Plan (OHIP) database and demographic information, including vital statistics information, was obtained from the Ontario Registered Persons Database (RPDB). The Ontario Diabetes Database (ODD) was used to identify new onset diabetes. 19 These databases were anonymously linked by using encrypted individual health card numbers and are routinely used to study both diabetes 20 21 and drug safety. 22 23 Additionally, validation studies of the administration databases in Ontario have shown that the drug database used in this study has an error rate of <1%.
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Cohort definition
We identified statin treatment based on prescriptions for any of atorvastatin, fluvastatin, lovastatin, rosuvastatin, simvastatin, or pravastatin during the study period, restricting our analysis to new users by requiring a period of at least one year with no prescription for any statin. Cerivastatin was withdrawn from the market in 2001 and was not examined in our analyses; people who switched from another statin to cerivastatin, however, were censored at that point.
We defined the cohort entry date as the date of the first prescription for a statin after each patient's 66th birthday, excluding the first year of eligibility for prescription drug coverage (age 65) to avoid incomplete drug records. We excluded patients with established diabetes before the start of statin treatment, defined by any prescription for diabetes drugs (oral agents or insulin) or self monitoring blood glucose supplies in the previous year or a diagnosis of diabetes in the ODD at any time before the date of entry into the cohort.
Duration of exposure
For each patient, we defined a period of continuous use of each statin based on successive refills of prescriptions for the same statin within 1.5 times the duration of the preceding prescription. On discontinuation of a drug, each patient was followed for the duration of their final prescription to identify any events that could have precipitated stopping the treatment. People were censored if they experienced the primary outcome, discontinued treatment, switched to a different statin, died, reached the end of the study period (31 March 2010), or were followed up for a maximum of five years, whichever occurred first.
Outcomes
The primary outcome was incident diabetes, defined as a diagnosis of diabetes in the Ontario Diabetes Database, which is a validated registry of all Ontarians diagnosed with diabetes (sensitivity and specificity of 86-90% and 92-97%, respectively). 19 In a sensitivity analysis, we expanded the definition of diabetes to include any prescription for a diabetes drug or blood glucose test strips.
Subgroup analyses
We replicated our analyses according to whether the statin was prescribed for primary or secondary prevention. Secondary prevention patients were defined as those with any admission to hospital for acute coronary syndrome, ischemic heart disease, coronary artery bypass graft or angioplasty, stroke, or transient ischemic attack in the five years before statin treatment or any prescription for nitroglycerin in the previous year. All other patients were considered to receive a statin for primary prevention. 25 These subgroup definitions were defined with ICD-9 and ICD-10 (international classification of diseases, ninth and 10th revisions) and have been used previously.
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Statistical analysis
All analyses used patients treated with pravastatin as the reference comparison group as pravastatin has been shown to have favorable effects on incident diabetes in animal models and clinical trials. 2 7 15 16 We used standardized differences to examine baseline characteristics of patients treated with pravastatin compared with each of the other statin groups. Standardized differences of less than 0.1 are generally not considered meaningful. 26 We conducted time to event analyses using Cox proportional hazards regression to estimate the relation between use of statins and incident diabetes. The proportional hazards assumption was tested with log-log survival curves. We developed multivariable models adjusting for age, sex, year of cohort entry, history of cardiac disease and cardiac procedures, Charlson comorbidity index, 27 and history of drug use, including drugs with an impact on glycemic control in the past 12 months. We used adjusted Kaplan-Meier curves to compare the time to new onset diabetes in each statin cohort and calculated the number needed to treat to harm using absolute risk estimates at one year of follow-up. 28 Finally, we fitted two additional Cox proportional hazards models, including potency and time varying statin dose, to consider their independent impact on incident diabetes and to minimize survival bias. Doses were stratified into three categories (high dose: atorvastatin ≥80 mg and rosuvastatin ≥40 mg; moderate dose: atorvastatin 20-<80 mg, rosuvastatin 10 mg-<40 mg, and simvastatin ≥80 mg; and low dose: atorvastatin <20 mg, fluvastatin at all doses, lovastatin at all doses, pravastatin at all doses, rosuvastatin <10 mg, simvastatin <80 mg) as were the potency analyses (high potency: rosuvastatin, atorvastatin; moderate potency: simvastatin; low potency: fluvastatin, lovastatin, pravastatin). 29 All analyses were performed with SAS, version 9.2 (SAS Institute, Cary, NC).
Results
Patients' characteristics
Over the 14 year study period, we identified 471 250 patients with no history of diabetes who were newly treated with a statin. Of these, 227 994 (48.3%) received a statin for primary prevention, while 243 256 (51.7%) received a statin for secondary prevention. The median age at the outset of treatment was 73 (interquartile range 69-78) and 254 915 (54.1%) were women. Atorvastatin accounted for more than half of all new statin prescriptions, followed by rosuvastatin, simvastatin, pravastatin, lovastatin, and fluvastatin. Tables 1 and 2 show the characteristics of people in the study⇓⇓. No major imbalances were apparent among the different statin cohorts.
Primary analysis
The crude event rate for incident diabetes was highest for atorvastatin (30.70 (table 3⇓) . After adjustment for known confounders, and compared with patients treated with pravastatin, those treated with atorvastatin faced a 22% increase in the risk of new onset diabetes (adjusted hazard ratio 1.22, 95% confidence interval 1.15 to 1.29). We also observed a significantly increased risk among those treated with rosuvastatin (1.18, 1.10 to 1.26) and simvastatin (1.10, 1.04 to 1.17) compared with pravastatin (table 3⇓). In contrast, treatment with fluvastatin (0.95, 0.81 to 1.11) or lovastatin (0.99, 0.86 to 1.14) was not significantly associated with an increased risk of incident diabetes.
The figure shows the cumulative incidence of diabetes according to individual statin use⇓. We observed consistent findings when the definition of diabetes included the initiation of antidiabetic drugs, a prescription for blood glucose test strips, or diagnosis in the Ontario Diabetes Database (table 4⇓) .
Subgroup analyses
We found consistent results in subgroup analyses examining the use of statins for primary and secondary prevention. Relative to pravastatin, treatment with atorvastatin (adjusted hazard ratio 1.20, 95% confidence interval 1.10 to 1.30), rosuvastatin (1.12, 1.02 to 1.23), or simvastatin (1.12, 1.02 to 1.23) was associated with a significantly increased risk of new onset diabetes in the primary prevention cohort, while no increased risk was observed for patients treated with lovastatin (0.98, 0.79 to 1.22) or fluvastatin (1.01, 0.82 to 1.23). Similar findings were observed among the secondary prevention users (table 3⇓) .
Overall, moderate (adjusted hazard ratio 1.22, 95% confidence interval 1.19 to 1.26) and high doses (1.30, 1.20 to 1.40) were associated with an increased risk of incident diabetes compared with low doses of statins (table 5⇓). At the individual statin level, our findings were largely consistent with our primary analyses after adjustment for dose. While we found similar risk estimates for simvastatin (1.11, 1.04 to1.17), we observed a slightly attenuated risk for atorvastatin (1.12, 1.05 to 1.18). The risk of incident diabetes among those treated with rosuvastatin, however, was no longer significant after adjustment for dose (1.01, 0.94 to 1.09). When we considered potency, our findings were consistent with our primary analyses (high potency statins (rosuvastatin, atorvastatin) adjusted hazard ratio 1. 22 
Discussion
In this population based study, we found that patients treated with atorvastatin, rosuvastatin, or simvastatin were at increased risk of new onset diabetes compared with those treated with pravastatin. No such risk was evident with fluvastatin or lovastatin. The risk associated with rosuvastatin could depend on dose and duration of treatment. The risk of incident diabetes was similar whether statins were being used for primary or secondary prevention.
Overall, we observed a 10-22% increased risk of diabetes for some statins that is consistent with findings from previously published meta-analyses of clinical trials. The increased risk with rosuvastatin significantly decreased after covariate adjustment and became non-significant once dose was taken into consideration. This could possibly represent greater use of rosuvastatin in patients with lower cardiovascular risk. 3 In 2009, an analysis of five placebo controlled trials (n=57 593) found a 13% (relative risk 1.13, 95% confidence interval 1.03 to 1.23) increased incidence of diabetes in people taking statins compared with placebo over an average 3.9 years of follow-up, 9 with a subsequent analysis of 13 placebo controlled trials (n=91 140) showing a 9% (odds ratio 1.09, 95% confidence interval 1.02 to 1.17) increased incidence of diabetes over four years of follow-up. 10 More recently, two meta-analyses have suggested a dose dependent effect for patients receiving high dose atorvastatin or simvastatin treatment versus moderate dose treatment (odds ratio 1.12, 95% confidence interval 1.04 to 1.22) and when considering only atorvastatin trials. 11 12 Our results differ from those of the Women's Health Initiative study, which showed a nearly 50% increase in new onset diabetes with statins compared with placebo (hazard ratio 1.48, 95% confidence interval 1.38 to 1.59), with no differential risk among low potency (fluvastatin, lovastatin, pravastatin) and high potency (simvastatin, atorvastatin) statins.
14 Our findings, however, are consistent with the findings of Zaharan and colleagues in 2012, who found an increased risk with atorvastatin (hazard ratio 1.25, 1.21 to 1.28), rosuvastatin (1.42, 1.33 to 1.52), and simvastatin (1.14, 1.06 to 1.23). 30 Our population based assessment adds to the discussion of risk when doctors are considering starting statin treatment in a patient for primary versus secondary prevention.
Possible mechanisms
Several factors could explain the increased risk of new onset diabetes among patients receiving certain statins. 2 7 15 The increased production of plasma derived low density lipoprotein (LDL) cholesterol as a compensatory response to de novo cholesterol synthesis inhibition might result in direct inflammation and oxidation within the β cell. Consequently, the functional and structural integrity of β cells is compromized, impairing insulin secretion as a result of cellular apoptosis. 15 Additionally, metabolic receptor effects interfere with cellular glucose uptake, energy production, and insulin secretion. 2 7 15 16 Statins can also inhibit calcium mediated pancreatic insulin release and decrease expression of the β cell glucose transporters GLUT-2 and GLUT-4. 15 Finally, statins are also known to interfere with the synthesis of ubiquinone (CoQ10), which could independently alter insulin secretion. 15 16 The degree to which statins are involved in these respective mechanisms of diabetes onset is variable and supports why some statins pose a higher risk than pravastatin. 7 As shown in our dose and potency analyses, the risk could be greater for atorvastatin and simvastatin, regardless of the dose prescribed.
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Limitations and strengths
Some limitations of our study merit emphasis. We could not identify and account for potentially important risk factors for diabetes such as weight, ethnicity, and family history. Newer statins might be preferentially used in patients at higher risk of diabetes, though the characteristics of patients in our study were highly similar across study groups. Secondly, data on blood lipids, hemoglobin A 1C concentration, or triglyceride concentrations were unavailable, and therefore we could not use these measures for risk stratification or diagnostic purposes. The ODD, however, has been shown to be both sensitive (86-90%) and specific (92-97%). 19 Furthermore, we had no data on marketing or promotional efforts nor did we have data on physicians' preferences for particular statins. Although the statin groups were well balanced with respect to a wide variety of demographic and clinical variables, we cannot exclude the possibility of residual confounding.
Our study also had several strengths including a large sample size, use of pravastatin as an active comparator reference group, and a population based design. Our findings suggest that older patients treated with certain statins are at increased risk for incident diabetes, regardless of dose or whether treatment is used for primary or secondary prevention. The risk seems to be greatest with atorvastatin, rosuvastatin, and simvastatin. After adjustment for dose, however, the risk did not seem to persist among rosuvastatin users. Clinicians should consider this risk when they are contemplating statin treatment for individual patients. Preferential use of pravastatin, and potentially fluvastatin or lovastatin, while recognizing the limited efficacy data and increased risk of drug interactions with these two agents, might be warranted. Pravastatin might have a preferential benefit among primary prevention patients at high risk of diabetes.
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What is already known on this topic
Given the widespread use of statins to manage hypercholesterolemia, small effects in their efficacy and safety profiles can have important population impact.
Statins have previously been associated with an increased risk of incident diabetes, though there is controversy around whether this risk differs among drugs
What this study adds
When compared with pravastatin, atorvastatin, rosuvastatin, and simvastatin are associated with a greater risk of new onset diabetes, regardless of their use for primary or secondary prevention of cardiovascular events
The risk for rosuvastatin users might depend on the dose prescribed Tables   Table 1| Baseline 
